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1. Introduction {#brb3576-sec-0005}
===============

The minimum amount of sleep humans need to thrive remains controversial. The National Sleep Foundation recommends that young adults (ages 18--25) and adults (ages 26--64) sleep 7 to 9 hr each day (Hirshkowitz, Whiton, Albert, Alessi, & Bruni, [2015](#brb3576-bib-0026){ref-type="ref"}). Short sleep duration (i.e., ≤6 hr per night) has been associated with diminished cognitive performance (e.g., Lim & Dinges, [2010](#brb3576-bib-0035){ref-type="ref"}; Waters & Bucks, [2011](#brb3576-bib-0052){ref-type="ref"}), mood disturbance (e.g., Watson et al., [2014](#brb3576-bib-0053){ref-type="ref"}; Wulff, Gatti, Wettstein, & Foster, [2010](#brb3576-bib-0055){ref-type="ref"}), weight gain (e.g., Grandner, Chakravorty, Perlis, Oliver, & Gurubhagavatula, [2014](#brb3576-bib-0016){ref-type="ref"}; Markwald et al., [2013](#brb3576-bib-0037){ref-type="ref"}), inflammation (e.g., Grandner, Sands‐Lincoln, Pak, & Garland, [2013](#brb3576-bib-0021){ref-type="ref"}; Kurien, Chong, Ptáček, & Fu, [2013](#brb3576-bib-0033){ref-type="ref"}), and increased all‐cause mortality risk (e.g., Grandner, Hale, Moore, & Patel, [2010](#brb3576-bib-0017){ref-type="ref"}). These associations are concerning, as 30% of adult workers in the United States report regularly sleeping 6 hr or less, on average, in a 24‐hour period (Luckhaupt, Tak, & Calvert, [2010](#brb3576-bib-0036){ref-type="ref"}) -- classifying these individuals as "habitual short sleepers" (Grandner, Patel, Gehrman, Perlis, & Pack, [2010](#brb3576-bib-0020){ref-type="ref"}).

Prior research suggests that habitual short sleepers are a heterogeneous group, with subtypes that vary in behavioral activation patterns and the extent to which there is perceived daytime dysfunction in relation to short sleep. Short sleepers denying dysfunction have been described as ambitious and extraverted with high levels of behavioral activation (Hartmann, Baekeland, & Zwilling, [1972](#brb3576-bib-0023){ref-type="ref"}). In particular, a primary difference between medium‐length sleepers (7.1--7.8 hr of sleep) and short sleepers denying dysfunction (5.3--6.3 hr of sleep) is evidence of "subclinical hypomanic symptoms" (Monk, Buysse, Welsh, Kennedy, & Rose, [2001](#brb3576-bib-0039){ref-type="ref"}) and sustained elevations in waking behavioral drive and environmental stimulation seeking (Curtis, Brewer, & Jones, [2011](#brb3576-bib-0008){ref-type="ref"}; He et al., [2009](#brb3576-bib-0024){ref-type="ref"}). Evidence suggests there are genetic or "natural" short sleepers denying dysfunction with mutations that recapitulate their short sleep phenotype in transgenic animals (e.g., hDEC2‐P385R; He et al., [2009](#brb3576-bib-0024){ref-type="ref"}). However, the prevalence of genetically determined short sleep in humans remains unknown. It is plausible that short sleepers denying dysfunction also comprise individuals who may be chronically sleep deprived and would function more optimally with increased sleep. In contrast, short sleepers who report sleep‐related dysfunction are characterized as high in behavioral inhibition, propensity to anxiety (i.e., neuroticism), and hyperarousal (Dorsey & Bootzin, [1997](#brb3576-bib-0010){ref-type="ref"}; Duggan, Friedman, McDevitt, & Mednick, [2014](#brb3576-bib-0011){ref-type="ref"}). Similar to short sleepers denying dysfunction, short sleepers reporting dysfunction likely comprise a heterogeneous subtype (e.g., individuals with *insomnia with objectively short sleep duration* or *insufficient sleep syndrome* \[American Academy of Sleep Medicine, [2014](#brb3576-bib-0002){ref-type="ref"}\]). The neural mechanisms underlying differences in perceived daytime dysfunction in subtypes of short sleepers remains unknown and, importantly, epidemiological studies of short sleep have not differentiated those that report versus deny having difficulty maintaining wakefulness and functionality (i.e., report vs. deny "daytime dysfunction").

Short sleep duration figures prominently in a vigilance model of affective disorders (Hegerl & Hensch, [2014](#brb3576-bib-0025){ref-type="ref"}) which posits that vigilance regulation (tonic neurophysiologic arousal) is a key neurobiological mechanism. Specifically, behaviors characteristic of mania and ADHD are thought to reflect autoregulatory attempts to stabilize vigilance by creating a stimulating environment, overriding the physiological need to seek sleep. If environmental stimulation is removed, the model predicts a rapid transition from wakefulness to sleep, consistent with historical findings in patients exhibiting mania (e.g., Van Sweden, [1986](#brb3576-bib-0051){ref-type="ref"}). Given the presumed heterogeneity of short sleeper subtypes, it remains unknown whether those that deny daytime dysfunction will exhibit diminished wakefulness under low environmental stimulation (e.g., resting‐state functional magnetic resonance imaging (R‐fMRI) assessment), even with instruction to maintain wakefulness.

Prior research suggests the transition from wakefulness to sleep has a distinct neural "signature." Using combined electroencephalography (EEG) and R‐fMRI, Horovitz and colleagues demonstrate that blood‐oxygen‐level‐dependent (BOLD) signals increase in sensory areas of the brain -- particularly in visual, motor, and primary auditory cortices -- as humans transition from resting wakefulness to sleep (Horovitz et al., [2008](#brb3576-bib-0027){ref-type="ref"}). This R‐fMRI signature is reproducible across laboratories (Davis, Tagliazucchi, Jovicich, Laufs, & Hasson, [2016](#brb3576-bib-0009){ref-type="ref"}; Larson‐Prior et al., [2009](#brb3576-bib-0034){ref-type="ref"}; Tagliazucchi & Laufs, [2014](#brb3576-bib-0046){ref-type="ref"}) and can be used as "a surrogate indicator of wakefulness when EEG is not available" (p. 680 Horovitz et al., [2008](#brb3576-bib-0027){ref-type="ref"}). Using combined EEG and R‐fMRI, Tagliazucchi and Laufs found one third of 71 participants fell asleep within four minutes of R‐fMRI assessment, with increased BOLD signals in motor and sensory cortices during the transition from wakefulness to stage 1 and stage 2 sleep (Tagliazucchi & Laufs, [2014](#brb3576-bib-0046){ref-type="ref"}). The authors developed a support vector machine classifier to determine how many subjects fell asleep during R‐fMRI using the 1000 Functional Connectomes Project database (Biswal et al., [2010](#brb3576-bib-0003){ref-type="ref"}) -- finding approximately one third of 1,147 subjects fell asleep within 3 min (Tagliazucchi & Laufs, [2014](#brb3576-bib-0046){ref-type="ref"}). Whether subjects with difficulty maintaining wakefulness during R‐fMRI were largely comprised of short sleepers or conventional sleepers is currently unknown, as sleep durations were not reported (Tagliazucchi & Laufs, [2014](#brb3576-bib-0046){ref-type="ref"}).

Given the prevalence of self‐reported short sleep in the general population (Luckhaupt et al., [2010](#brb3576-bib-0036){ref-type="ref"}), examining associations between sleep duration and resting‐state functional connectivity has broad implications for the interpretation of the growing body of fMRI research. Furthermore, examining short sleeper subgroups that differ in reports of dysfunction may provide insight into the neural mechanisms underlying perceived need for sleep. In addition, prior research suggests that those denying daytime dysfunction may, without environmental stimulation, have difficulty maintaining wakefulness (Hegerl & Hensch, [2014](#brb3576-bib-0025){ref-type="ref"}) -- such as in R‐fMRI assessment. Although factors such as socioeconomic status, occupation, and comorbid health issues may contribute to individual differences in habitual sleep duration (e.g., Ertel, Berkman, & Buxton, [2011](#brb3576-bib-0012){ref-type="ref"}; Grandner, Jackson, Pak, & Gehrman, [2012](#brb3576-bib-0018){ref-type="ref"}), examining the various factors that contribute to short sleep duration was beyond the scope of the present investigation. Here, using analysis of R‐fMRI functional connectivity in the Human Connectome Project database (Van Essen et al., [2013](#brb3576-bib-0050){ref-type="ref"}), we first examined associations with self‐reported sleep duration. Next, brain functional connectivity differences between short sleeper subtypes (i.e., ≤6 hr/night, reporting vs. denying daytime dysfunction) were examined.

2. Materials and Methods {#brb3576-sec-0006}
========================

We analyzed data from 839 subjects from the Human Connectome Project 900 Subjects Release. Multiband BOLD resting state data from this release (Feinberg et al., [2010](#brb3576-bib-0013){ref-type="ref"}; Glasser et al., [2013](#brb3576-bib-0015){ref-type="ref"}; Griffanti et al., [2014](#brb3576-bib-0022){ref-type="ref"}; Jesmanowicz, Nencka, Li, & Hyde, [2011](#brb3576-bib-0028){ref-type="ref"}; Moeller et al., [2010](#brb3576-bib-0038){ref-type="ref"}; Setsompop et al., [2012](#brb3576-bib-0042){ref-type="ref"}; Van Essen et al., [2013](#brb3576-bib-0050){ref-type="ref"}) consisted of FIX ICA cleaned BOLD resting state data (Griffanti et al., [2014](#brb3576-bib-0022){ref-type="ref"}). High spatial resolution functional connectivity data was examined in 475 subjects (S500 Release), and regional functional connectivity measurements were obtained in 839 subjects (S900 Release).

2.1. Brain parcellation {#brb3576-sec-0007}
-----------------------

Functional connectivity was analyzed using a parcellation covering the cortical, subcortical, and cerebellar gray matter at 5 mm resolution. To construct the parcellation, a gray matter mask was compiled from skull stripped BOLD images for 475 subjects (S500 Release) showing voxels where an a priori gray matter mask (grey.nii, SPM 12b) were inside the brain for 95% of subjects. This image was parcellated into 6,923 nonoverlapping 5‐mm diameter ROIs covering the cortical and subcortical gray matter as follows. Each voxel was tested in sequence beginning with the inferior left voxel in the cerebellum. If a voxel was greater than 5 mm distant to voxels already selected, then this voxel was included in the set of ROI center coordinates. When all voxels had been tested, 6,923 voxels remained, and gray matter voxels were parcellated based on which of the 6,923 center coordinates was closest to a given voxel.

2.2. Functional connectivity analyses {#brb3576-sec-0008}
-------------------------------------

Fisher transformed correlation coefficients representing functional connectivity were extracted for each pair of 6,923 × 6,923 ROIs separately for each of the four 15‐minute resting state sequences for each subject. This resulted in 23,960,503 "connections" for each resting state sequence analyzed. This connection matrix was averaged for each subject over the four sequences for that subject to obtain a single matrix for each subject. All four runs were used for each subject to maximize the reliability of metrics for each subject, given demonstrated improvements in reliability with aggregate imaging time (Shah, Cramer, Ferguson, Birn, & Anderson, [2016](#brb3576-bib-0043){ref-type="ref"}).

Reported average sleep duration was determined for each subject using the Pittsburg Sleep Quality Index (Buysse, Reynolds, Monk, Berman, & Kupfer, [1989](#brb3576-bib-0006){ref-type="ref"}) included with the Human Connectome Project 900 subject release. For the 839 subjects included in the analysis, reported average sleep duration in the prior month ranged from 2.5 to 12 hr (mean 6.82 h ± 1.15 h *SD*). Pearson correlation coefficient was calculated across subjects between sleep duration and functional connectivity for each pair of 6,923 × 6,923 ROIs in the gray matter. Connections were considered significantly correlated with sleep duration if they satisfied an acceptable false discovery rate of *q* \< .05 across all connections. 65,963 connections met these criteria. To establish which regions most frequently participated in connections significantly covarying with sleep duration, significant connections were tabulated by ROI for the 475 subjects of the S500 release and displayed as a brain image (Fig. [1](#brb3576-fig-0001){ref-type="fig"}).

![Regions for which functional connectivity significantly covaried with reported sleep duration. Color scale shows for each ROI how many of the 6,922 connections to other ROIs were correlated with sleep duration. The top 50% of ROIs are colored](BRB3-6-e00576-g001){#brb3576-fig-0001}

Given that areas most commonly represented among significant connections included sensory and motor cortices, these regions were selected for further analysis. To define seed regions associated with auditory, somatosensory, visual, and motor cortex, we took advantage of the NeuroSynth database (Yarkoni, Poldrack, Nichols, Van Essen, & Wager, [2011](#brb3576-bib-0056){ref-type="ref"}). We entered the terms "primary auditory," "primary somatosensory," "primary motor," and "primary visual" into the database and obtained false discovery rate corrected forward inference maps for each term representing voxels significantly associated in the literature with respective primary sensory and motor cortices. Voxels within each of these images were averaged to obtain 4 BOLD time series from each resting state sequence for each of the 475 subjects from the Human Connectome Project S500 release. Functional connectivity was then estimated as above for each of the four sensory and motor cortex seeds and each of the 6,923 ROIs described above. This was correlated with sleep duration for each subject as above (Fig. [2](#brb3576-fig-0002){ref-type="fig"}), using *q* \< .05, false discovery rate for multiple comparison correction.

![Correlation of functional connectivity to sensory/motor cortex and sleep duration. Left: Seeds used for auditory, motor, somatosensory, and visual cortex. Middle: Correlation of functional connectivity to the seed and other regions in the brain. Right: Slices showing significant covariation between functional connectivity to the seed and sleep duration. Slices are in neurological format with subject left on image left. Slice locations: MNI *z *= −25, *z *= 20, *z *= 65](BRB3-6-e00576-g002){#brb3576-fig-0002}

For all four sensory cortices, significant associations between functional connectivity and sleep duration were clustered within the basal ganglia, cerebellum, and sensory/motor cortex. To further evaluate these relationships, fourteen subject‐specific subcortical regions were defined using Freesurfer‐derived segmentation (Fischl et al., [2002](#brb3576-bib-0014){ref-type="ref"}) of bilateral thalamus, caudate, putamen, amygdala, hippocampus, pallidum, and nucleus accumbens. 14 cerebellar regions were added using the parcellation of Buckner et al. (Buckner, Krienen, Castellanos, Diaz, & Yeo, [2011](#brb3576-bib-0004){ref-type="ref"}) and using a 7‐network parcellation split into left‐ and right‐hemispheric regions, dividing the cerebellum into regions most correlated with canonical brain networks. This resulted in a total of 32 ROIs: four bilateral sensory/motor cortex, 14 unilateral subcortical, and 14 unilateral cerebellar regions. Functional connectivity was calculated for each subject between each pair of ROIs, and correlated with sleep duration as above.

To evaluate whether relationships observed in functional connectivity may be consequences of residual head motion not accounted for by FIX ICA postprocessing, we obtained head motion estimates supplied with the Minimally Preprocessed Data release for all 839 subjects. Detrended head motion time series for six realignment parameters and their first derivatives were subtracted via linear regression using a general linear model (glmfit.m in Matlab) from FIX ICA‐processed BOLD time series data for all 32 ROIs listed above in all four sequences for each of the 839 subjects in the HCP 900 Subject Release. These data were then further processed by removal of all time points before and after any volumes where greater than 0.2 mm head motion was observed in any of the six realignment parameters. Remaining motion‐regressed BOLD time series data were then concatenated to obtain motion‐corrected estimates of functional connectivity between all ROIs (Power, Barnes, Snyder, Schlaggar, & Petersen, [2012](#brb3576-bib-0041){ref-type="ref"}). The more rigorously processed estimates of correlation between sleep duration and functional connectivity were virtually indistinguishable from those processed with the FIX ICA pipeline alone (*r *= .9997, *p *= 1.7 e‐196).

Subjects were then grouped based on whether they reported short (≤6 hr) versus conventional (7--9 hr) sleep duration, and whether they reported daytime dysfunction. These data were derived from self‐report answers to the Pittsburgh Sleep Quality Index (PSQI), a 24‐item questionnaire comprising seven component scores including sleep duration (component 3) and daytime dysfunction (component 7) (Buysse et al., [1989](#brb3576-bib-0006){ref-type="ref"}). Sleep duration was obtained from question \#4 of the PSQI: "During the past month, how many hours of *actual sleep* did you get at night? (This may be different than the number of hours you spend in bed.)" (p. 209 Buysse et al., [1989](#brb3576-bib-0006){ref-type="ref"}). Individuals denying daytime dysfunction reported scores of zero on Component 7: Daytime Dysfunction of the PSQI. This corresponds to answering "Not during the past month" to PSQI question \#8: "During the past month, how often have you had trouble staying awake while driving, eating meals, or engaging in social activity?" and answering "No problem at all" to PSQI question \#9: "During the past month, how much of a problem has it been for you to keep up enough enthusiasm to get things done?" (p. 210, Buysse et al., [1989](#brb3576-bib-0006){ref-type="ref"}). Individuals reporting daytime dysfunction reported Component 7: Daytime Dysfunction scores greater than zero. This strategy resulted in the following groups: short sleepers denying daytime dysfunction (*n *=* *115); short sleepers reporting daytime dysfunction (*n *=* *176); conventional sleepers denying daytime dysfunction (*n *=* *318); and conventional sleepers reporting daytime dysfunction (*n *=* *249). The same 32 ROIs were used to evaluate relationships between functional connectivity and group differences between short and conventional sleepers, and between subjects reporting or denying daytime dysfunction. Two‐tailed t‐tests were used with false discovery rate correction for multiple comparisons to evaluate intergroup differences between short and conventional sleepers, both reporting and denying daytime dysfunction, for each pair of the 32 ROIs.

2.3. Principal component analysis {#brb3576-sec-0009}
---------------------------------

Because a relatively small portion of the variance of functional connectivity was accounted for by sleep duration (correlation values ≤0.2), we performed additional analyses to determine what the primary patterns of variance were across subjects in functional connectivity, and whether changes in connectivity associated with sleep duration represented a significant variation pattern.

Functional connectivity metrics for each subject for the four primary sensory/motor seeds compared to the 32 ROIs above were linearized for each subject to represent 118 distinct ROI pairs. This resulted in a matrix of 839 subjects × 118 connectivity measurements. Singular value decomposition was used to identify principal components. These components are ranked in order of variance accounted for among individuals in functional connectivity for this set of regions. The second principal component showed striking similarity to differences in functional connectivity associated with sleep duration (*r *= .85, *p *= 1.1 \* 10^−33^).

3. Results {#brb3576-sec-0010}
==========

We used a whole‐connectome discovery approach to study the effects of average sleep duration on brain functional connectivity by evaluating the Human Connectome Project dataset. This dataset includes resting state BOLD images for 839 subjects with complete fMRI and behavioral data, comprising four 15‐minute BOLD acquisitions and extensive subject‐specific behavioral and neuropsychological metrics. Specifically, we evaluated the association of functional connectivity with self‐reported average sleep duration obtained from items on the Pittsburgh Sleep Quality Index (Buysse et al., [1989](#brb3576-bib-0006){ref-type="ref"}).

Sleep duration was correlated with functional connectivity obtained from a dense parcellation of 6,923 brain regions covering cortical, subcortical, and cerebellar gray matter at a spatial resolution of 5 mm in 475 subjects (S500 Release). This resulted in 23,960,503 "connections" between brain regions. Using an acceptable false discovery rate of *q *\< .05, 65,963 connections demonstrated significant correlation with sleep duration across subjects. These connections were tabulated for each ROI and are displayed in Fig. [1](#brb3576-fig-0001){ref-type="fig"}. Brain regions showing the most frequent involvement in connections modulated by sleep duration are primarily in the sensory and motor cortices, including auditory, visual, and sensorimotor cortices.

In order to further evaluate the association of sleep duration with functional connectivity involving sensory and motor cortices, seed locations were obtained using the NeuroSynth database, allowing identification of consensus regions associated with sensory and motor cortex in the neuroimaging literature. Four seeds were obtained, one each for primary auditory, primary motor, primary somatosensory, and primary visual cortices. Each seed included voxels from bilateral sensory or motor cortex. Connectivity was measured between each seed and the 6,923 ROIs covering brain gray matter, displayed in Fig. [2](#brb3576-fig-0002){ref-type="fig"}.

For all four seed regions, there was a very similar distribution of brain regions that showed positive and negative correlations with sleep duration. Negative correlations were noted between sleep duration and connectivity within the remaining sensory and motor cortex, and positive correlations were noted with the cerebellum and basal ganglia. This pattern was further evaluated by extracting regions of interest representing subject‐specific gray matter ROIs for subcortical regions. Seven bilateral regions were identified for each subject from Freesurfer parcellation of structural brain imaging (Fischl et al., [2002](#brb3576-bib-0014){ref-type="ref"}) and BOLD time series were extracted for each region: thalamus, caudate, putamen, globus pallidus, accumbens, hippocampus, and amygdala. To evaluate the distribution of connectivity within the cerebellum, a functional parcellation of the cerebellum was used to subdivide cerebellar regions most associated with seven canonical functional brain networks (Buckner et al., [2011](#brb3576-bib-0004){ref-type="ref"}). In addition to the 4 sensory/motor cortex seeds previously described, this resulted in 32 regions, and functional connectivity was compared to sleep duration for connections between the four sensory/motor seeds and these 32 ROIs, shown in Fig. [3](#brb3576-fig-0003){ref-type="fig"}.

![Correlation of sleep duration and functional connectivity between sensory/motor cortex, subcortical, and cerebellar regions. (A) Asterisk (\*) denotes connections that were significant for false discovery rate *q* \< .05 over all region pairs. Color scale shows Pearson correlation coefficient between functional connectivity and sleep duration across subjects. (B) Correlation values were obtained from two subject cohorts: *n *= 475 subjects from the S500 Release, and *n *= 364 additional subjects from the S900 Release. Scatter plots show comparison of results for the same 4 × 32 ROIs for both subject samples. (C) Relationship between sleep duration and head motion for all 839 subjects is shown. (D) Comparison of correlation with sleep duration for the same 4 × 32 ROIs using two different postprocessing strategies to account for head motion](BRB3-6-e00576-g003){#brb3576-fig-0003}

Consistent with whole‐brain images in Fig. [2](#brb3576-fig-0002){ref-type="fig"}, shorter sleep duration was associated with lower connectivity of sensory and motor cortex to the caudate, putamen, and portions of the cerebellum most connected to salience and executive networks. In contrast, higher connectivity with shorter sleep duration was seen between sensory and motor cortex and the hippocampus and other sensory/motor cortical regions.

We observed that head motion was significantly correlated with average reported sleep duration, which could potentially confound the relationship between functional connectivity and sleep duration. To investigate this possibility, we additionally processed each BOLD time series by regressing six head motion parameters and their first derivatives from the data, followed by volume censoring (scrubbing) in which time points with head motion exceeding 0.2 mm were removed and remaining data concatenated (Power et al., [2012](#brb3576-bib-0041){ref-type="ref"}).

Given the high data quality and large sample size of the Human Connectome Project dataset, it is possible that very subtle differences in connectivity are found in relation to sleep duration that may be of limited impact in describing functional connectivity variation among subjects. For example, all the correlations between sleep duration and functional connectivity are less than about 0.2.

To quantitatively compare changes in functional connectivity with primary patterns of variation in functional connectivity in the Human Connectome Project dataset, we linearized functional connectivity measurements for each subject from the 4 × 32 ROI set described above to obtain a matrix of 839 subjects by 118 distinct connections (Fig. [4](#brb3576-fig-0004){ref-type="fig"}, top right). We performed principal component analysis on this matrix by performing a singular value decomposition to obtain vectors of 118 connections that represent patterns of covariation in functional connectivity contributing to the greatest percentage of intersubject variance.

![Principal components of intersubject variance in functional connectivity. (A) The first three principal components are shown representing subject by connection singular vectors. (B) Matrix of 839 subjects × 118 connections used to obtain principal components. (C) Singular values of first five components. (D) Comparison of principal component 2 with relationship of sleep duration and functional connectivity for the same connections](BRB3-6-e00576-g004){#brb3576-fig-0004}

The first three principal components are shown in Fig. [4](#brb3576-fig-0004){ref-type="fig"}, left, with singular values representing the relative contribution to explaining variance in connectivity for these ROIs between subjects (Fig. [4](#brb3576-fig-0004){ref-type="fig"}, right middle). The first principal component represents a mode of variation in which some subjects had relatively lower cortico‐cortical connectivity compared to cortical‐subcortical or cortical‐cerebellar connectivity. The second principal component showed a pattern strikingly similar to Fig. [3](#brb3576-fig-0003){ref-type="fig"}. This is quantified in Fig. [4](#brb3576-fig-0004){ref-type="fig"}, bottom right, in which comparison of functional connectivity to sleep duration is closely matched to the second principal component. Thus, the pattern of functional connectivity associated with sleep duration represents one of the primary patterns observed in resting connectivity within these ROIs.

To examine functional connectivity differences between self‐reported short sleepers and conventional sleepers, we divided the sample into two groups: those reporting average sleep durations ≤6 hr each night (short sleepers) and those reporting average sleep durations between 7 and 9 hr each night (conventional sleepers) -- consistent with current NSF sleep duration recommendations (Hirshkowitz et al., [2015](#brb3576-bib-0026){ref-type="ref"}). We further divided groups into individuals reporting versus denying daytime dysfunction based on the items comprising Pittsburgh Sleep Quality Index Component 7: Daytime Dysfunction scores (Buysse et al., [1989](#brb3576-bib-0006){ref-type="ref"}). Results of two‐sample t‐tests to examine differences between self‐reported short versus conventional sleepers reporting and denying daytime dysfunction, is shown in Fig. [5](#brb3576-fig-0005){ref-type="fig"}.

![Differences in functional connectivity in self‐reported short sleepers versus conventional sleepers reporting and denying daytime dysfunction. Colored squares satisfied *p* \< .05, uncorrected. Asterisk (\*) denotes connections that were significant for false discovery rate *q* \< .05 over all region pairs. Color scale represents t‐statistic for a two‐tailed t‐test of functional connectivity between short and conventional sleepers](BRB3-6-e00576-g005){#brb3576-fig-0005}

A dissociation was evident between self‐reported short sleepers denying daytime dysfunction, in which modulation of sensory/motor connectivity consisted of increased connection to bilateral hippocampus and amygdala, and self‐reported short sleepers reporting daytime dysfunction, in which modulation of sensory/motor connectivity consisted of decreased connectivity to the dorsal striatum and cerebellum.

Taken together, these findings suggest that functional connectivity covaries with average sleep duration, with greatest effects in sensory and motor cortex (Figs [1](#brb3576-fig-0001){ref-type="fig"}, [2](#brb3576-fig-0002){ref-type="fig"}, [3](#brb3576-fig-0003){ref-type="fig"}, [4](#brb3576-fig-0004){ref-type="fig"}). Regions of sensory and motor cortex show differential modulation of connectivity in self‐reported short sleepers denying daytime dysfunction, exhibiting increased sensory/motor connectivity to bilateral hippocampus, amygdala, and other regions of sensory and motor cortex, and self‐reported short sleepers reporting daytime dysfunction, exhibiting decreased sensory/motor connectivity to dorsal striatum and executive cerebellum (Fig. [5](#brb3576-fig-0005){ref-type="fig"}). These relationships and hypothesized emotional and behavioral correlates warranting further study are summarized in Fig. [6](#brb3576-fig-0006){ref-type="fig"}.

![Model for effects of sleep duration on functional connectivity in self‐reported short sleepers reporting and denying daytime dysfunction](BRB3-6-e00576-g006){#brb3576-fig-0006}

4. Discussion {#brb3576-sec-0011}
=============

In this study, the extent to which self‐reported sleep duration is associated with brain functional connectivity differences during R‐fMRI was examined using the Human Connectome Project database (Van Essen et al., [2013](#brb3576-bib-0050){ref-type="ref"}). Self‐reported sleep duration primarily covaried with functional connectivity in auditory, visual, and sensorimotor cortices (Fig. [1](#brb3576-fig-0001){ref-type="fig"}). Shorter sleep durations were associated with increased connectivity between primary auditory, primary motor, primary somatosensory, and primary visual cortex seed regions to the hippocampus and additional sensory/motor cortical regions, with decreased connectivity to the caudate, putamen, and cerebellar salience and executive networks (Figs [2](#brb3576-fig-0002){ref-type="fig"}, [3](#brb3576-fig-0003){ref-type="fig"}). These patterns were strikingly similar to the second principal component of intersubject variance (Fig. [4](#brb3576-fig-0004){ref-type="fig"}D), suggesting clinicians and researchers using R‐fMRI should ask patients and research participants how many hours of actual sleep they have routinely gotten during the past month. Responses to this single question predict one of the primary patterns of brain functional connectivity differences between individuals during R‐fMRI.

Next, functional connectivity differences between self‐reported short sleepers and conventional sleepers who report versus deny daytime dysfunction (i.e., have trouble staying awake while driving, eating meals, or engaging in social activities and who also deny problems keeping up enthusiasm to get things done during the day) were examined. Both subtypes of short sleepers were found to have increased connectivity between primary auditory, primary motor, primary somatosensory, and primary visual cortices during R‐fMRI (Fig. [5](#brb3576-fig-0005){ref-type="fig"}). These patterns of functional connectivity suggest both subtypes of self‐reported short sleepers may have had difficulty maintaining wakefulness during R‐fMRI. The association between these functional connectivity patterns and increased head motion may be a result of attempts to maintain wakefulness. These findings are consistent with prior research examining wake‐sleep transition during R‐fMRI. For example, using combined EEG and R‐fMRI, Tagliazucchi and Laufs found one third of 71 participants fell asleep within four minutes of R‐fMRI, with increased BOLD signals in motor and sensory cortices during the transition from wakefulness to stage 1 and stage 2 sleep (Tagliazucchi & Laufs, [2014](#brb3576-bib-0046){ref-type="ref"}). This neural signature was previously described by Horovitz and colleagues using combined EEG and R‐fMRI (Horovitz et al., [2008](#brb3576-bib-0027){ref-type="ref"}), with increased BOLD signals observed primarily in visual, motor, and primary auditory cortices during the transition from resting wakefulness to sleep onset and is reproducible across laboratories (Davis et al., [2016](#brb3576-bib-0009){ref-type="ref"}; Larson‐Prior et al., [2009](#brb3576-bib-0034){ref-type="ref"}; Tagliazucchi & Laufs, [2014](#brb3576-bib-0046){ref-type="ref"}).

Importantly, these findings support the supposition that self‐reported short sleepers who deny daytime dysfunction may require environmental stimulation to maintain wakefulness. This is consistent with Hegerl and Hensch\'s model suggesting that seeking environmental stimulation is a behavioral strategy to overcome the need to sleep in individuals prone to psychopathology characterized by high behavioral activation (e.g., mania, ADHD; Hegerl & Hensch, [2014](#brb3576-bib-0025){ref-type="ref"}). Indeed, prior research suggests that short sleepers who deny daytime dysfunction exhibit patterns of behavioral activation levels and increased environmental stimulation seeking that may approach hypomania (Curtis et al., [2011](#brb3576-bib-0008){ref-type="ref"}; Hartmann et al., [1972](#brb3576-bib-0023){ref-type="ref"}; He et al., [2009](#brb3576-bib-0024){ref-type="ref"}; Jones & Oswald, [1968](#brb3576-bib-0031){ref-type="ref"}; Monk et al., [2001](#brb3576-bib-0039){ref-type="ref"}). To our knowledge, the findings of this study represent the first R‐fMRI data suggesting self‐reported short sleepers who deny daytime dysfunction may have difficulty maintaining wakefulness under conditions of low environmental stimulation. Future studies using combined EEG and R‐fMRI are warranted to definitively distinguish resting wakefulness from sleep onset in short sleeper subtypes.

Current findings are notable considering that the R‐fMRI protocol used in the Human Connectome Project database provided explicit instruction to maintain eyes open with visual fixation. Based on their combined EEG and R‐fMRI findings, Tagliazucchi and Laufs (Tagliazucchi & Laufs, [2014](#brb3576-bib-0046){ref-type="ref"}) developed a support vector machine classifier to determine how many subjects fell asleep during R‐fMRI using the 1000 Functional Connectomes Project database (Biswal et al., [2010](#brb3576-bib-0003){ref-type="ref"}) -- finding approximately one third of 1,147 subjects fell asleep within 3 minutes. As noted by Tagliazucchi and Laufs, the 35 international collaborating centers comprising the 1000 Functional Connectomes Project database (Biswal et al., [2010](#brb3576-bib-0003){ref-type="ref"}) use one of three R‐fMRI protocols: eyes closed, eyes open, or eyes open with fixation. Centers adopting R‐fMRI protocols with eyes closed or eyes open had relatively high probabilities of falling asleep with increased scanning time, whereas the five centers adopting a R‐fMRI protocol with eyes open and fixation had extremely high probabilities of maintaining wakefulness (Fig. [4](#brb3576-fig-0004){ref-type="fig"}C, Tagliazucchi & Laufs, [2014](#brb3576-bib-0046){ref-type="ref"}). In contrast to the 1000 Functional Connectomes Project, all data from the 900 WU‐Minn Human Connectome Project database reported in this study use a single R‐fMRI protocol: eyes open with fixation and explicit instructions not to fall asleep (Smith et al., [2013](#brb3576-bib-0044){ref-type="ref"}). Therefore, current findings suggest high levels of sleep pressure in both self‐reported short sleepers who report daytime difficulties and those denying such difficulties, resulting in a possible loss of wakefulness under R‐fMRI conditions expected to facilitate the maintenance of a relaxed, but alert state (Aeschbach et al., [2001](#brb3576-bib-0001){ref-type="ref"}). Future studies applying Tagliazucchi and Laufs support vector machine classifier (Tagliazucchi et al., [2012](#brb3576-bib-0047){ref-type="ref"}) may be useful in determining difficulty maintaining wakefulness in short sleeper subtypes during R‐fMRI when combined EEG is not available.

Notably, current findings suggest individual differences in the accuracy of self‐reported daytime functioning. Specifically, those denying daytime sleepiness appear to have difficulty maintaining wakefulness during R‐fMRI conditions at levels comparable to short sleepers reporting daytime sleepiness. It can be hypothesized that short sleepers denying daytime dysfunction underestimate their true level of daytime sleepiness. As chronic sleep deprivation progresses, individuals tend to underestimate their subjective level of daytime impairment (Van Dongen, Maislin, Mullington, & Dinges, [2003](#brb3576-bib-0049){ref-type="ref"}). Chronic sleep restriction over 21 days results in linear decreases in reaction time that mirror our internal circadian rhythms (Cohen et al., [2010](#brb3576-bib-0007){ref-type="ref"}). Despite chronic sleep loss, reaction times reach relatively normal levels in the late afternoon, possibly leading some chronically sleep‐deprived individuals to subjectively underestimate their objective levels of impairment (Cohen et al., [2010](#brb3576-bib-0007){ref-type="ref"}). A similar process may be evident in self‐reported short sleepers who deny daytime dysfunction, who may seek environmental stimulation as a behavioral strategy to overcome their true level of daytime sleepiness.

Although both subgroups of short sleepers may be at risk of diminished wakefulness under conditions of low environmental stimulation, the neural mechanisms underlying group differences in subjective perceptions of daytime impairment have not been examined. Toward this end, present findings are notable in demonstrating increased connectivity between sensory cortices and bilateral hippocampus and amygdala in short sleepers denying daytime dysfunction, but not in short sleepers reporting daytime dysfunction (Fig. [5](#brb3576-fig-0005){ref-type="fig"}). Transient coactivation of amygdala, hippocampus, and sensory cortices are hypothesized to form an emotional‐perceptual‐memory circuit associated with instances of phasic rapid eye movement periods in humans (Wehrle et al., [2007](#brb3576-bib-0054){ref-type="ref"}). One of the primary hypotheses for why animals need sleep is for memory consolidation (Stickgold, [2005](#brb3576-bib-0045){ref-type="ref"}). Thus, increased connectivity between sensory cortex and medial temporal regions critical for memory retrieval and storage may represent a marker of memory consolidation in short sleepers denying daytime dysfunction. Interestingly, increased functional connectivity between the hippocampus and lateral occipital complex during resting wakefulness following an object‐face encoding task with high associative memory may predict individual differences in better long‐term memory performance and increased memory consolidation (Tambini, Ketz, & Davachi, [2010](#brb3576-bib-0048){ref-type="ref"}). Although increased neocortico‐hippocampal connectivity during R‐fMRI predicting subsequent memory retrieval is an emerging area of research (reviewed in Picchioni, Duyn, & Horovitz, [2013](#brb3576-bib-0040){ref-type="ref"}), an increased ability for memory consolidation during evening sleep or multiple daytime "microsleeps" (Hegerl & Hensch, [2014](#brb3576-bib-0025){ref-type="ref"}; Van Sweden, [1986](#brb3576-bib-0051){ref-type="ref"}) may partially explain perceptions of functionality despite short total sleep time in this subgroup. Although definitive sleep onset and memory consolidation cannot be determined by present findings, these results suggest short sleepers denying daytime dysfunction may have more efficient homeostatic sleep regulation than short sleepers reporting dysfunction (e.g., He et al., [2009](#brb3576-bib-0024){ref-type="ref"}), enabling them to subjectively feel alert during the day despite short sleep duration. These hypotheses warrant further study.

The majority of neuroimaging studies to date have examined functional connectivity differences following partial sleep restriction or total sleep deprivation under laboratory‐controlled conditions. As others have noted, there is a need for more ecologically valid research on the effects of chronic partial sleep deprivation in "real world" settings (Grandner, Patel, et al., [2010](#brb3576-bib-0020){ref-type="ref"}). Consistent with the current findings, Kilgore and colleagues conducted one of the few neuroimaging studies examining functional connectivity differences in subjects adhering to their typical sleep schedules and found shorter self‐reported sleep duration the night before a R‐fMRI scan was associated with greater connectivity between the posterior cingulate cortex and bilateral parietal lobe, middle occipital gyrus, and inferior postcentral sulcus (Killgore, Schwab, & Weiner, [2012](#brb3576-bib-0032){ref-type="ref"}). Killgore and colleagues selected seed regions in the medial prefrontal cortex and posterior cingulate cortex *a priori*, based on regions of the default mode network previously implicated in experimental sleep deprivation. It remains unknown whether their findings would validate or contradict present findings if seed regions were placed in primary auditory, primary motor, primary somatosensory, and primary visual cortices (Fig. [5](#brb3576-fig-0005){ref-type="fig"}).

The findings of this study should not be generalized beyond self‐reports of sleep duration. Future studies should examine "verified short sleepers" using objective methods such as actigraphy or polysomnography to quantify sleep parameters on workdays and nonworkdays (Grandner, Patel, et al., [2010](#brb3576-bib-0020){ref-type="ref"}). We agree with these recommendations, and have reported data on actigraphy‐verified short sleepers (Curtis et al., [2011](#brb3576-bib-0008){ref-type="ref"}; He et al., [2009](#brb3576-bib-0024){ref-type="ref"}). However, the Human Connectome Project database offers the opportunity to examine brain functional connectivity differences in relation to sleep duration in a large sample. Although actigraphy and sleep diary data are not available in this study, PSQI sleep duration scores have been shown to correlate significantly (Spearman\'s *rho* = −0.204; *p *\<* *.05) with actigraphic total sleep times in adults not selected for sleep disturbance (Grandner, Kripke, Yoon, & Youngstedt, [2006](#brb3576-bib-0019){ref-type="ref"}) -- selection criteria mirroring the Human Connectome Project database (Van Essen et al., [2013](#brb3576-bib-0050){ref-type="ref"}). Similarly, PSQI daytime dysfunction scores have been shown to correlate significantly with the Epworth Sleepiness Scale (ESS; correlation coefficient = 0.34; *p *\<* *.001; Buysse et al., [2008](#brb3576-bib-0005){ref-type="ref"}), with the ESS (Johns, [1991](#brb3576-bib-0029){ref-type="ref"}) being one of the gold standard instruments used to determine excessive daytime sleepiness in humans (Johns, [2000](#brb3576-bib-0030){ref-type="ref"}). A final limitation of this study involves inferring wakefulness using R‐fMRI without simultaneous EEG recordings. As noted previously, however, BOLD signals in sensory areas of the brain including visual, motor, and primary auditory cortices can be used as "a surrogate indicator of wakefulness when EEG is not available" (p. 680 Horovitz et al., [2008](#brb3576-bib-0027){ref-type="ref"}). Future studies using combined EEG and R‐fMRI or applying Tagliazucchi and Laufs support vector machine classifier to existing R‐fMRI data (Tagliazucchi et al., [2012](#brb3576-bib-0047){ref-type="ref"}) are warranted to further explore difficulty maintaining wakefulness without environmental stimulation in short sleeper subtypes.

In conclusion, our findings indicate that even in a healthy population, self‐reported sleep duration predicts one of the primary patterns of brain functional connectivity observed during R‐fMRI (Fig. [4](#brb3576-fig-0004){ref-type="fig"}). This finding has widespread implications for the interpretation and study design of fMRI investigations, indicating researchers using R‐fMRI should routinely ask how many hours of sleep per night participants have gotten during the past month and consider objective measurements of whether participants may be falling asleep in the scanner.

Self‐report surveys suggest 30% of working adults in the United States routinely get 6 hours or less sleep, on average, in a 24‐hour period (Luckhaupt et al., [2010](#brb3576-bib-0036){ref-type="ref"}). Similarly, 291 of 970 subjects (30%) in the Human Connectome Project database reported sleeping 6 hr or less each night, on average, during the past month. Findings from this study suggest that epidemiological research on self‐reported sleep duration should differentiate those who report versus deny perceived daytime dysfunction. Although this study suggests short sleepers may have difficulty maintaining an alert state during resting assessment, future fMRI research should examine actigraphy‐verified short sleeper subtypes and conventional sleepers using coincident EEG recordings to validate and extend the present findings.

To the extent that current findings can be generalized to other low environmental stimulation conditions, such as driving an automobile at night without sufficient visual or auditory stimulation, the public health implications of these findings are clear. Regardless of whether individuals perceive sleep‐related daytime difficulties, short sleep duration may confer increased risk of drowsiness in situations characterized by low environmental stimulation. Furthermore, our findings demonstrate R‐fMRI differences between short sleeper subtypes, offering preliminary insight into the neural mechanisms underlying differences in subjective perceptions of daytime impairment resulting from short sleep duration.
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